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ABSTRACT: We show that an imbalance between the populations of singlet (S) and triplet (T)
states in pairs of magnetically equivalent spins can be generated by dissolution dynamic nuclear
polarization. In partly deuterated ethanol (CD3
13CH2OD), this T/S imbalance can be transferred
by cross-relaxation to observable, enhanced signals of protons and coupled 13C.
In recent years, long-lived states (LLSs)1 and dynamicnuclear polarization (DNP)2,3 have been extensively ex-
plored, since they oﬀer novel means to overcome two major
limitations of nuclear magnetic resonance (NMR), namely the
short lifetime of nuclear magnetization (usually limited by the
longitudinal relaxation time constant T1) and the low intrinsic
sensitivity of NMR and magnetic resonance imaging (MRI)
that is normally governed by Boltzmann’s law. LLS can preserve
spin order over intervals much longer than T1: this unique
property is attractive for in vivo studies since it represents a
promising way to use long-lived NMR signals of metabolites
and characterize slow reactions that take place in tissues of
interest.4,5 Furthermore, dissolution-DNP (D-DNP)6 is in-
creasingly popular in metabolic in vivo studies and MRI since it
enables inter alia the detection of anomalous metabolic
behavior in tumors.7−11 The combination of LLSs with
DNP12 and MRI13 methods has recently been developed for
applications on clinical MRI systems. The prototypical LLS is a
“singlet state” of a pair of nuclear spins, which corresponds to a
population imbalance14 between the antisymmetric triplet
manifold and the symmetric singlet state. In systems
comprising two magnetically inequivalent spins, it is possible
to populate LLSs directly by DNP at low spin temperatures.15
LLSs can also be populated without resorting to DNP in
systems with magnetically equivalent spins, as in the two-spin
system of para-hydrogen16 and in three-spin systems of methyl
groups,14,17−20 where manifolds of symmetry A and E
correspond to irreducible representations of the C3 group. In
both cases, it is possible to induce a long-lived imbalance
between states belonging to manifolds with diﬀerent
symmetries at moderately low temperature, provided the
rotational energy gap is much larger than the Zeeman splitting.
In para-hydrogen, the energy diﬀerence between the three
triplet states and the singlet state S0 is ΔE/kB ∼ 170 K in the
absence of a magnetic ﬁeld, while in the methyl group of γ-
picoline,14 the diﬀerence between the A and E manifolds is only
ΔE/kB ∼ 6 K because of tunneling eﬀects. In this Article, we
show that, in an A2 system with two magnetically equivalent
spins, where the Zeeman energy diﬀerence between the triplet
states T+1 and T−1 and the singlet state S0 is ΔE/kB ∼ 14 mK at
B0 = 6.7 T, it is possible to use D-DNP to induce a triplet−
singlet imbalance (henceforth called TSI in analogy to the A/E
imbalance, or AEI, in methyl groups14), which may be written
as
| ⟩⟨ | − | ⟩⟨ |T T S S0 0
where |S0⟩⟨S0| is the population of the singlet state S0 and
| ⟩⟨ |T T represents the mean population of the triplet manifold:
| ⟩⟨ | = | ⟩⟨ | + | ⟩⟨ | + | ⟩⟨ |+ + − −T T T T T T T T1/3[ ]1 1 0 0 1 1
Such an imbalance can be achieved by either enhancing or
depleting the population of the singlet state with respect to the
mean population of the triplet manifold. The major drawback
of such a TSI is that it cannot be converted into observable
magnetization unless the symmetry is broken, for example by a
chemical reaction.21,22 However, in an A2X system where a spin
X is coupled to the A2 system, the TSI is slightly perturbed so
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that the magnetization can ﬂow from the invisible para-state to
observable population diﬀerences. The energy levels of the A2X
system can be derived from the singlet−triplet basis of the A2
spins. Thus, if the third label designates the state of the X spin,
we can deﬁne the following six triplet states:
ααα ααβ= | = |α β+ +T T1 1
αβα βαα αββ βαβ= | + | = | + |α βT T
2 20 0
ββα βββ= | = |α β− −T T1 1
and two singlet states:
αβα βαα αββ βαβ= | −| = | −|α βS S
2 20 0
In analogy with the A2 case of two magnetically equivalent
spins, we can consider the TSI or imbalance between the triplet
and singlet manifolds:
| ⟩⟨ | − | ⟩⟨ |T T S S
where
| ⟩⟨ | = | ⟩⟨ | + | ⟩⟨ | + | ⟩⟨ |
+ | ⟩⟨ | + | ⟩⟨ | + | ⟩⟨ |
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β β β β β β
+ + − −
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T T T T T T
1/3[
]
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and
| ⟩⟨ | = | ⟩⟨ | + | ⟩⟨ |α α β βS S S S S S[ ]0 0 0 0
The TSI corresponds to a diﬀerence of products of tensor
operators Tlp of rank l = 0 and coherence order p = 0. Our
experimental strategy to detect the TSI in an A2X system
comprises three steps: (i) preparation of a TSI through low
temperature DNP at T = 1.2 K and B0 = 6.7 T; (ii) dissolution
of the sample by rapid heating to room temperature and
transfer to an NMR (or MRI) system; (iii) detection of the
stored TSI after transfer to observable population diﬀerences
across the transitions of either 1H or 13C spins. This transfer is
driven by cross-relaxation.
Preparation: A large TSI is obtained by dynamic nuclear
polarization of 1H spins at T = 1.2 K. Our sample consists of a
mixture of 90% CD3CH2OD and 10% D2O with 50 mM
TEMPOL as polarizing agent. The solution forms a
homogeneous glass upon freezing. Saturation of the electron
spin resonance (ESR) transitions by monochromatic micro-
wave irradiation at fμw = 188.3 GHz induces an intense negative
DNP eﬀect. The steady-state proton polarization is P(1H) =
−60% (corresponding to a spin temperature of about −10
mK), and the build-up time constant is τDNP(
1H) = 122 s, so
that most spins are in the highest energy states |ββα⟩ and |βββ⟩
that belong to the triplet manifold, while the singlet manifold is
largely depleted, so that the resulting TSI reaches 12%.15 Note
that the two 1H nuclei are not magnetically equivalent in the
solid state because of their chemical shift anisotropy and
intermolecular dipole−dipole couplings, so that transitions
between the T and S manifolds are not forbidden. The sign of
the TSI does not depend on the microwave frequency,
provided that the energy of S0 lies between the energies of
T+1 and T−1 in an A2 system, and a positive polarization
populates the lowest state T+1 while depleting all other states.
On the other hand, a negative polarization enhances the
population of the highest state T−1, with respect to all other
states. Since positive or negative polarizations with equal
magnitudes lead to the same mean population of the three
triplet states, the TSI has the same sign regardless of the sign of
the polarization.
Dissolution: After preparation of an imbalance between the
triplet and singlet manifolds at low temperature, the DNP
sample is rapidly dissolved with 5 mL degassed D2O (preheated
to T = 450 K at p = 1.0 MPa) in 0.7 s. The sample is then
rapidly transferred with helium gas (p = 0.6 MPa) in 4.5 s to an
NMR spectrometer through a home-built magnetic path23 (B >
0.9 T). During this transfer the TSI is largely preserved.
Detection: To retain only the TSI and suppress any tensor
operators Tlp of rank l ≠ 0 and coherence order p ≠ 0 that may
have survived after the transfer, in particular in-phase
magnetization Tlp with l = 1 and p = 0, suitable ﬁlters
24 are
applied to 1H and 13C before the NMR signals are excited
(Figure 1).
After injection, proton signals can be excited by 5° pulses.
The 13C satellite peaks of the protons (13C in 1.1% natural
abundance) in the methylene group of CD3
13CH2OD show an
antiphase doublet due to 1J(1H, 13C) = 143 Hz (Figure 2A).
The 13C spectra of the same isotopologue have been
recorded by using either 9° pulses (Figure 2B) or 90° pulses
(Figure 2C). In both cases, one observes 13C multiplets that do
not obey the usual binomial 1:2:1 intensity distribution of
13CH2 groups. The proton and carbon-13 signals arise because
cross-relaxation converts the invisible TSI into observable
population diﬀerences across allowed transitions. The non-
binomial peak patterns have the same sign regardless if one
saturates either the positive or negative lobes of the microwave
DNP response. The enhancements ε are determined by
comparison to Boltzmann’s polarization in thermal equilibrium,
as reported in Table 1.
Simulations were carried out using the Mathematica package
SpinDynamica.25 The initial state consisted of a pure TSI, and
the relaxation superoperator accounted for dipole−dipole
(DD) interactions, the chemical shift anisotropies (CSAs) of
both 1H and 13C, and DD/CSA cross-correlation eﬀects. For
simplicity, the proton CSA tensors were assumed to have only
two distinct principal axes, with their unique axis parallel to the
C−H bonds. Inspired by an elegant work of Brown, Price, and
Figure 1. After D-DNP, a delay δ = 3 s allows turbulences to settle. A
T00 ﬁlter
24 is then applied to both protons and 13C nuclei to suppress
all ﬁrst- and second-rank population distributions, thus retaining only
terms of rank l = 0 associated with the T/S imbalance (TSI). The ﬁlter
is followed by the acquisition of either 1H (case A) or 13C (case B)
signals at intervals of 2.5 s.
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Grant,26 rotational diﬀusion was modeled by a symmetric top
with a fast diﬀusion axis perpendicular to the CH2 plane and
two slow diﬀusion axes lying in that plane. The diﬀusion
constants Dfast = 1.7 × 10
11 s−1 and Dslow = 1.5 × 10
10 s−1 and
the CSA parameters Δσ1H = 7 ppm and Δσ13C = 66 ppm were
adjusted to obtain a reasonable agreement between the
experimental and simulated time-dependence. The predicted
enhancements are larger than those observed experimentally;
the discrepancy may be explained by losses during the transfer
step. The agreement shown in Figure 2 speaks in favor of the
proposed mechanism where the TSI generated by DNP is
spontaneously converted by cross-relaxation into population
diﬀerences across observable transitions.
The longitudinal relaxation times have been determined by
inversion recovery experiments. T1(
1H) refers to the two 13C
satellite peaks in the proton spectra, while T1(
13C) refers to the
three components of the nonbinomial 13C triplet. The time-
dependence in Figure 2A,B has been ﬁtted to biexponential
functions:
· − + · −−k t T k t Texp( / ) exp( / )1 build up 2 decay
describing the build-up and decay of the signals, the ﬁrst time
constant being smaller than but close to the experimental T1. In
Figure 2C, a monoexponential function
· −k t Texp( / )decay
was used. Enhancements in Table 1 correspond to the ratios of
the maximum amplitudes of the time-dependent signals and the
spectra obtained in thermal equilibrium at room temperature
using the same ﬂip angles. The time constants Tdecay are
somewhat longer than T1(
1H) and T1(
13C), with averaged
ratios Tdecay/T1(
1H) ∼ 2.3 and Tdecay/T1(13C) ∼ 1.5, suggesting
a moderately long-lived behavior of both proton and carbon-13
polarizations. These ratios are not very favorable, but longer-
lived states might be found in systems where the spy nucleus is
more remote and, therefore, less strongly coupled to the two
nuclei carrying the LLS. Geometrical optimization could be
helpful to boost these lifetimes.27−29
Figure 2. [Top] Experimental (crosses) and simulated (lines) time-dependence of hyperpolarized 1H and 13C signals of the 13CH2 group in
CD3
13CH2OD with
13C in natural 1.1% abundance, recorded every 2.5 s, starting 5 s after injection following the transfer from the DNP polarizer, at
ambient temperature in a ﬁeld B0 = 11.66 T (500 MHz for protons), using the sequence in Figure 1. (A) Intensities of the
13C satellite peaks in the
1H spectra observed with 5° pulses. (B) Intensities of the three 13C triplet components observed with 9° pulses. (C) The same as B but observed
with 90° pulses. The solid lines have been simulated by SpinDynamica25 (see text for details). [Bottom] Enhanced spectra (green) observed at the
highest amplitudes of the time-dependent signals shown above, for comparison with thermal equilibrium (TE) spectra ampliﬁed by a factor 10 (red).
The enhancement factors are shown in Table 1. Experiments and simulations were scaled independently in each panel. The ﬁrst points in A have
been discarded due to baseline distortions. The signals marked X are due to impurities.
Table 1. Relaxation Times T1 and Tdecay and Enhancement Factors ε for Diﬀerent Peaks (Labeled as in Figure 2)
13C satellite peaks in 1H
spectra 13CH2 triplet components in
13C spectra
A1 A2 B1 B2 B3 C1 C2 C3
T1 determined by inversion recovery (s) 8.6 ± 0.6 7 ± 2 9 ± 1 12 ± 1 10 ± 1 9 ± 1 12 ± 1 10 ± 1
Tdecay determined from time-dependence (s) 17.7 ± 0.5 17.8 ± 0.6 10 ± 1 17 ± 2 18 ± 1 17.5 ± 0.7 17.6 ± 0.5 14.8 ± 0.4
enhancement ε ∼20 ∼20 ∼150 ∼100 ∼310 ∼160 ∼60 ∼350
The T1 values were determined by inversion recovery experiments. The time constants Tdecay were determined by ﬁtting the time-dependence in
Figure 2A,B to biexponential functions k1·exp(−t/Tbuild‑up) + k2·exp(−t/Tdecay) and in Figure 2C to monoexponential function k·exp(−t/Tdecay). The
enhancements ε are deﬁned as the ratio of the peaks at the maximum amplitude of the time-dependent signals and the spectra in thermal
equilibrium, obtained with the same ﬂip angle.
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In conclusion, we have shown that dissolution dynamic
nuclear polarization can be used to generate a T/S imbalance
(or TSI) between the triplet and singlet manifolds in a system
comprising two magnetically equivalent proton spins. If the two
protons are coupled to a “spy” 13C spin, this imbalance gives
rise to substantially enhanced proton and carbon NMR spectra
by spontaneous cross-relaxation of the TSI into population
diﬀerences across observable transitions. This leads to
characteristic nonbinomial 1H and 13C multiplets of the
methylene group of partially deuterated ethanol CD3
13CH2OD
with 13C in natural isotopic abundance. Our experimental
scheme to detect a TSI though a coupled spin should be widely
applicable in any molecule containing a 13CH2 group.
■ AUTHOR INFORMATION
Corresponding Author
*E-mail: daniele.mammoli@epﬂ.ch.
Author Contributions
All authors have contributed to the manuscript; all have given
approval to the ﬁnal version of the manuscript.
Notes
The authors declare no competing ﬁnancial interest.
■ ACKNOWLEDGMENTS
Funding for this work was provided by the Swiss National
Science Foundation (SNSF), the Swiss “Commission pour la
Technologie et l’Innovation” (CTI), the “École polytechnique
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